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SUMMARY

A method is given for calculating the temperature of a
surface wetted either by a pure liguid, such as water, or by
s mixture, such as alcohol and water. The method is applied
to the problem of protecting, by alecohol, propellers and the
induction system of the engine against ice, The minimum
quantity of alcohol required is calculated for a number of
arbitrarily chosen conditions, The effect of evaporation of
alcohol is shown by repeating the calculations for a nonvola-—
tile fluid, The method can be applied to other problems in
evaporation, for instance, to the evaporation of fuel in the
induction system of the engine, The psychrometric equation,
used in wet—buldb hygrometry, is deduced Iin its general form.
The effect of kinetic heating is included in this equation.

INTRODUCTION

- The subject of this note is the evaporation from a wet
surface in a stream of ajir, the surface being unheated other
than by convection of heat from the air. A familiar exanmple

*This report was prepared by Mr, Hardy in collaboration
with the staff of the Ames Aeronautical Laboratory during a
period of active participation by Mr. Hardy in the NACA icing
research program. ‘ S
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is the wet—buld thermomeéter, ‘Evaporation is considered pri-—
marily in connection with the use of volatile organic liguids,
such as alcohol, to prevent the formation of ice on parts of
an aircraft, such as the propeller, or the induction systenm

of the engine, A method is presented by which the temperature
of 2 surface, which is wetted by a'liquid consisting of one

or more volatile components, may be calculated, It is pos—
sible, therefore, if the rate at which water reaches the sur—
face is known, to calculate the minimum rate at which any par—

ticular de—icing fluid must be supplled in order to prevent
freezing.

A\‘. -

RSN

In the case of a surface wetted with water, the equation
derived is the psychrometric equatlon in its complete form,
Since the effect of kinetic heating is included, this equa—
tion may be used in the measurement of humidity, by the wet—
bulb method, at high speeds, This equation is of use, also,
in calculating the rate of heating reguired to protect a
surface exposed to conditions of icing. The datum tenpera—
ture, in calculating the rate of dissipation of heat from
“the surface by the method given in references 1 and 2, is
the wet—kinetic temperature of the surface., This may be
calculated from the psychrometric equation, in the form giv-
en in this report, as an alternative to the method proposged
in reference 3, The use of the specific heat of wet air, as
proposed in this reference, is open to the objection that it
" appears to require that the saturation of the air, in the
vicinity of the surface, is maintained by evaporaticn of the
droplets of water carried by the air. It appears, however,
from the different approach to the problem presented in this

report, that it is unnecessary to postulate a particular
mechanism of evaporation.

This report is complementary to that of reference 1,
since it deals primarily with the theoretical aspects of
protection agaznst ice by chemicals. The methods of cal-
culation, though ‘applied to the problem of icing, are appli—
cable to problems of evaporation generally., They could be
used, for instance, to calculate the rate of evaporation of
“fuel from a heated surface in the induction systen 'of the
engine, '

SYMBOLS

The following symbols are used throughoﬁt this repsrt ¥
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rate of evaporation per unit area, pounds per second,
square foot

ratec of transfer of heat per unit area, Britigh thermal
unit per second, sguare foot

coefficient of evaporation, dimensionless
coefficient of evaporation of water, dimensionless
coefficient of transfer of heat, dimensionless
coefficient 0f surface frietion, dimensionless

nechanical equivalent of heat, foot—pounds per British
thermal unit

gravitational constant, feet per secondrsquared

velocity of free gitream, feet per second

velnecity locally at edge of boundary layer, feet per
second

density of air, poundé per cuble foot

density of vapor, pounds per cubic foot

molecular weight of air (= 28,96)

molecular weight of water vapor (M, /M, = 0.622)

molecular weight of vapor

concentration of vapor, pounds per pound of air

vapor pressure, millimeters of mercury

vaper pressure saturated air at temperature 7,
millimeters of mercury

barometric pressure of air, millimeters of nmercury
viscosity of air, pounds per second, foot

thermal conductivity of air, British thermal units per
second, square foot degree Fahrerhelt per foot
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e specific heat of air, British thermal units per pound,
degree Fahrenheit

wa specific heat of wet air, British thermal units per

i pound, degree Fahrenheit

D diffusivity of vapor in air, foot squared per second

L latent heat of wvaporization, British thermal units per
pound

t temperature, degrees Fahrenheit (unless otherwise
specified) - - .

! wet—bulb temperature,. degrees Fahrenheit (unless other—
wise specified)

Tr Taylor's number, dimensionless. L

Pr Prandtl's number, dimensionless

Subscripts

0 refers to ambient alr at static temperature
1 refers to conditions at the edge of the boundary layer
S refers to the surface
w refers to water vapor
THEORY

In the analysis which follows, it is assumed that the
surface wetted by the fluid is isolated thermally, so that
it does not either receive or lose heat by conduction or
radiation.,. In these, circumstances, the ftemperature agsunmed

by the surface is such that the heat lost by evaporation
equals that gained by convecticn.
- Rate of Evaporation

The rate of evaporation from unit area of. a surface in
air flowing at velocity V 1is given by the equation
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W = kepVo(ns — nl) : (1)

In this k., 1s the coefficient of evaporation which is non-—
dimensional, and which is related by Reynolds?! analogy with
the coefficient of surface fricetion Csp. The potentlal in

the process of transfer is Dg = Dy,

between the concentration of vapor in equilibrium with the
ligquid at the surface, and that in the air outside the bound-
ary layer. The concentration is expressed as the mass of
vapor per unit mass of airj it may be expressed in ‘terms of
vapor pressures by substitution from the equation

the difference, namely,

— Me‘ S

Ma p—e
Bquation (1) then becomes
M e €,
W= kgpVy 2 mmto— = = ) - (3)
o —
: La Py €4 Py e

in which e is the vapor pressure in equilibrium with the
liquid at the temperature of the surface — the saturation
vapor pressure , that is, in the case of a pure liquid.

Bguations (1) and (3) can be applied irrespective of
whether the process is one of evaporationm or condersation,

The value of ke, the cecefficient of'evaporation9 isg

determined, fundamentally, by the thickness of the boundary
layer and the nature of the flow, as defining the field of
diffusion, and also by Taylor's number, a parameter which
gives a measure of the activity of the process of diffusion,
Taylor's number, Tr, is defined as '

TI“'—-"—E‘—

Dp

in which D ig the diffusivity of the vapor, and pu and p
the viscosity and density of the gas through which the vapor
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is diffusing. Tayloris umber is the ratlo of the dlIqu
ity of momentum, usually called kinematic v1sc051ty, to %
diffusivity of the vapor. Thée equation which defines’ dif
fusivity is : : C

1 ; p:

-A @T‘: ’;dy,
in which am/dT is the mass of vapor diffusing in unit time
across an area A, and d /dy is the concentration gra-—
dient. When applied to thp ‘diffusion of momentum, in the

gas through which the wvapor “ig diffus ing, this equation be-
comes

_ralmv) _opye 27D
T iy
In this equation (D)'  is the Vgelf—diffusivity" of the =zas,

and from the kinetic theory of gasss this is esqual to u/p
On substituting for (D)}', the equation becomes the normal
equation which defines wviscesity. Tarylor's numbter. ig thas-
ratio of .(D)' “to . D.. .. - : :

he conductlon of heat, also, is a process of diffusion -
of the energy of . molecular motlon. The defuva*ty of haatl

in air. is. k/on ”,Jnd .w1th avppropria substltutlonv, sgua-—
tion (4) becomes the normal equation wt 1~h defines the conduc—
tivity of heat. . In the case of heat, the ratio of fthe diffu-
s1v1ty of momentum to thau of heat *%» a“lo4 Pzandbl’ .number.

The value of" Taflor s number, 11ke Prgndtl's nuﬂbnr' is-
independent of pressure, but bhangus-slowly with tennarauw“@.
The- diffusivity ofa vapor in terms of 1ts value- Dqt, at
0% ¢ and a pressure of 1 atmosphere, is given' by the pquatlon

5 ()

where the temperatures are in degrees absolu+e,‘and 0" has
a value which ranges from’1.75 to 2.0. ce

|}
H

The coeificient of evaporation k is relat ad, through

B fs]

Reynold'ls analogy to the coafficient Of transfer of hast I,
-)’ gJ ] 1

as defined by the squation



NACA ARR No, 5613 v

— by .= Aty (5)

H»f Ehino,Cp (b4

In this equation, At. is the increment in temperature. from_
ﬁlnetlc heatlng, whicﬁ is discussed in a 1ater se ction.

Reynol&s’ analogy 1s between heat transfer and surface
friction, and equations.relating the coefficients are de—
rived 'in reference 4, pages 623 to 626, and 654 to 657.
Thes'e equations,'with substitution of coefficients and of
Tr for Pr, apply also to mass transfer. For instance,
when the flow is laminar

C
L f . (-a/3
K, = — (Fr). _ (6)
N . Y
and
c
£ V)
ke = — (Tr)
: 2
so that
Kk, _ (E_IZ\Q/SW —_9* 2 /3

When the flow is 'curbulonts the egquation corresponding to
equation (6) is

i 2

2 =2 4+ 5.6 (Pr — 1) (2. , (7)
kp, O WARY S

This equation is approximate, but is sufficiently accurate
when Pr - has a value near to 1, A more accurate equation,
given by Von K4rmén, is

1 -2 45 //zi [(Pr,~ 1) + log fl + 2 (pr - 1)!]
kn  Of Cs | "1 8 J

W “ J

The preceding equations, although derived for the flow acrc¢ss
a filat plate and through a pipe, can be applied guite gener—
2lly and without restriction to determine the value of &k

e
from that of kh'



8 NACA ARR No, 5G13

Temperature of a Wet . Surface

The temperature assumed by a wet surface which is ther—
mally isolated is such that the loss of heat by evaporation
equals the gain of heat by convection from the air, The
surface is isolated thermally in the sense that there is no
gain or loss of heat by conduction or radiation,  For sach
a surfagce the balance of flow of heat 1is glven by the équ
tion

IW = §H SRR (‘8'?_"

One volatile cémponent.— For a surféce’watted'eithéﬁlby
a pure liquid or by a solution in which one component, only,

ig volatile, substitution in equation (8) from equations (3)
and (5) gives,

. Me €s €y
LkVp-—-—-( - Y= = ky p TV, Cp (tg — t, — At ,)
e 'o M, \p — eg p— e, / o “p s 1
This may be rearranged for convenience in calculating the
temperature of the surface as follows:
k, M e e L
b, o~ b+ Aty = s o e LI Yl (9)
! 8 ox M —e /0
h & Py Py 3 P

An approximate form of this equation, which may be used at
low temperatures when the vapor pressure is small relative
to the barometric pressure, is

M €, — € L
g e s 3
tl—-ts+At1=—-————( )———_ (10)
: ’ ky M P C -
h Ta 1 P
Two volabile componenis.— When the surface 1s wetted by

a liguid cons -stvng of twvo volatile componsnts, suchk as al-—
cohol and water, cach evaporates independently of the other,
so that the effect is additive, For a system of two compo-—
nents, equation (10) becomes '
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k., M —-e ky M, ,85,—2 1
) e 1 W Sy =1 A
t,—1% st Aty = —— — | «-—\ e aE (-—-——————--—z{-) . (ll )

Ky M, v, / Cp ky M D, C.

lhe second component is indicated by the change in subscript.
The vapor pressure of each component in equilibrium with the
surfaces, ey and Cg, is that appropriate to the mixtiure.

It differs from the vapor pressure of each component in the
pure state. It is important to notice that it is the compo-
sition of the liguid at the surface which is important.
This, in general, will differ from the composition of the
bulk of the 1liquid unless there is mechanical mixing, since
the rates of evaporation of the components will be unequal;
in fact, under certain conditions, one may be evanorating
while the other is condensing on the surface.

Partially wetted surface.— Bguations (9) and (10) annly

to a surface which is completely wotted with liguid. Condi-
tions may be such that less liguid is received by the sur-

face than could be esvavorated. This coastlon of martial
wetness requires that the equations be modified by multiply-—
ing the right-hand side by the wetness rracticon. The wetness
fraction 1s dotermined by dividing the rate at which water

is received by the surface by the rate at which it would be
lost by c¥aporation if the surface were conmpletely wetted

The rate of novaporation is calculated from eguation (3)

The psyvchrometric eauatiorn.— The psychrometric egquation,
quoted later as equation (18), is the eumpirical expression
of a con31deruble body of experimental datsa. It appliss only
at ratos of air flow, past the bulbs of the thermometers, so
that kinetic heating is appreciable, and so that the field
of pressure arcund the met bulb is of negligible intengity
as compared with the baromeiric pressurs in the free strean,
At high rates of flow, it 1s evident that the shape of the
bulb relative to the direction of flow of air 1s of great
importance. For instance, in fthe case of a cylinder across
wind the temperature t_, as given by eguation (9) will vary
around the cylinder because of variation of At, and of n,
and ey, If the cylinder is of material of high thermal
conductivity, the temperature assumed will be such as to
satisfy the balance of flow of hesat over the whole surface
of the c¢ylinder. The temperature of the c¢ylinder, which will
be the anparent wet duld temperature, will be such as to sat—
isfy the following cquation

X ' My /ep — o
JJ — kpp Vo Cplty—ty—At,)ds :;[ k,0 Vg "’( £h I 22 L, ds
: ‘ T My NPy o — el/
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in which %, 1is the temperature of the cylinder, and ey,

the vapor nressure fox satu”atlon at thls temperature.

In nsychrometry,’what is required is the wvapor pressure
of the undisturbed strean, P and it is evident that this

cannot be obtained by any simple process of calculation fron
the foregoing equation. It can be obtained, however, 1f the
buldb of the thermometer is in the form of a flat plate, edge
on to the flow of air, or is such as to satisfy the require—
ments of constancy both of kinetic tomﬂerature and of pres-—

sure over two surface.

In the case of a thin flat plate, both barometric and
vanor pressures at the ddge of the boundary layer are iden—
tical with those in the free stream. THquation (9), there—
fore, may be rewritten as

k.M e e L
to-—ts—;—AtO:-:Y"--‘i( 5 - 2 >~—‘i (12)
' ky My \pgy — o4 Po — Cg Cp

The value of &, in this sguation, is the tenperature of
the wet vplate, and the eguation may be used for psychronmetry
at high speeds.

Kinetic Heating

The effect of kinetic heating has been introduced into
the equations, which give the balance of flow of heat to and
from the surface, by the inclusion of At,, the increase in
temperature caused by kinetic heating. The temperature of
the surface when the rate of convection of heat is zero,
therefore, is t, + 4Lt

The value of A%, when the flow is laminar is given,
in reference 4, by the equation

V@
Aty = i pp/E (15)
EgJCP

When the flow is turbulent, reference 5 gives

At = ————— Pr {14)
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These eguaticons v»resume that thore is no evaporation
from droplets of water which, under certain circumstances,
nay be wmresent in the boundary layer, since the specific
heat of dry air is used. This is consistent with the assump-
tion, in equation (8), that evaporation occurs only at the
surface. The effect of evaporation within tho voundary layer
will be digscussed later.,

Outside the boundary layer, the effect of a change of
phase from vapor to liguid, is of direct importance, as it
affects the value of t,, and also the value of e,. As air
flow round a body, and its velocity changes from V, to V,,
the process 1s isentropiec. The value of t,, on the assump-
tion of no change of pha

@
o
P
n

w = 2
VO "'Vl

I B ’ (15)
o . -
and the valus of =, is
Ba
gy = 8 ——
b ¢ 5

<0

Over the ferward part of an airfoil, or other bedy, it is
probable that there is no change in phase even in air which,
initially, is saturated. At the other cxtreme, 1t may De
agssumed, in the case of an increase inm velocity, that con-—
densation occurs so rapidly that the air remains saturated.
In this case, the value of t, 1is given by su stluutlng the

specific heat of wet air, C, , 1in equation (l ), the value
of GCp, Yreiang given by ouat¢on (17). The wvalue of e, 1is

the vapor pressure for saturation at t,. ZHAguation (17) can
be modified to suit a condition of partial condensation with
supersaturation, a condition 1nter“oézau between the ox-
tromes Jjust defined.

Kinetic temperature in cloud.-— When droplets of water

are carried by the air stream, as is the case when an air-
craft passes through cloud, the method proposed in refer-
cnce 3 for calculating kinetic temperaturc is to use the
specific heat of wet air in equations (13) and (14). The
objection to this is that it appears to require svapora tion
from the droplets sufficiont to maintain a condition of
saturation throughout the boundary layar, It can be shown,
however, that it is the evaporation at the surface which is
of primary importance and, in tho case of water, that the
role of the droplets, other than in wotting the surface, is
entirely neutral.
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In the case of water, the diffusivity of the vapor is
equal to the Adiffusivity of heat, as will be shown in the
next ‘section.  The distridbution of wapor in the boundary
layer, therefore, is identical with the distribution of tem~
perature if each is axpressed in the nondimensional form

If the air outside the boundary layer ig saturated with vapor
and the surface is wet, the relation between the distribution
of temperature and vapor pressure is such that a condition of
saturation obtains throughosut the boundary layer. It would
be anticipated, therefore, that the kinetic temperature of &
surface in cloud, as calculated from the specific heat of wet
air, would bas the same as that calculated from equation {10)
for a wet surface in clear saturated air. The identity may
ve shown formally,

The temperature of the suriface, when calculated from the
snecific heat of wet air, is

by = b+ A%, {186)

Thé value of Aty is glven by the right-hand side of equa~
tion (13) or (14) with Oy  substituted for OCp, so that

Cp
by, = Bty -
Py
in which
. : » M, L, 8e
T R . il 17)

Py = 7P Ha py 8%

The value of 69/8t ig the mean for the interval of tempnora-
ture tq — t,, so that

B e
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Gl

When multiplied out, this gives

: M, ,e. — e Ly,
b= byt At _7-:‘5<~i_~~-_:1\-l

This differs from equation (10) only in the absence of the
ratio ke/kh. When thkis rotic 1s unity, which requircs

that the diffusivities of heat and of vapor are equal, tho
equations are identical,

Bvaluation of Taylor's Number for Water Vapor

There is some uncertainty as to the correct value of
Taylor's number for water vapor, owing to uncertainty in
the value of the diffusivity of the wvapor. In the case .of
water vapor diffusing through air, the values for diffvesiv-
ity obtained by different experimenters range from 0.198"
to 0.252 contimeter?® per second. The value nay be deduced
from the psychrometric equation. Thig is given in reference
6 as : ' ‘

e = e' — 0.000652 p (t+ — t')(1L + 0,00102 t!') (18)
for pressures in millimeters and temperatures in degrees
centigrade. It should be compared with the accurate form

. . . . s / -
given in equation (12). Transposing equation (12) and
using the same symbols as in (18), with p in place of

Py — &, glves
M, C_ k
e =e' —p 2 BB (p )
hw Lw kw

so that for an air temperature of 320 F

ky  0.000652 LM, L 00s

It appears, therefore, that Taylor's number for wat
is almost exactly equal to Prandtl'ls number at this te
ature. The value for Prandtl's number at 329 F is 0.71.

43}
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To make Taylor's number equal to this, the diffusivity of

water vapor must be 2.01 X 107% feet? per second (0.186
cm®/sec). The value given in the International Critical

Tables is 0.22 centimeter® per second. It is believed that
the value deduced from the psychrometric equation is the
more reliable, so that in evaluating equations {(9) and (10),
for a water—wet surface, the ratio kw:kh should be taken

as unity. The ratio changes slowly with temperature; for
instance, at 0° ¥ it is 0.996 and at 60° F, 1,007,

RESULTS OF CALCULATIONS

A number of calculations have been made in order to
demonstrate the application of the preceding equations to
specific problems in connection with protaction of aireraft
against the formation of ice. The kinetic temperature of
a wator-wetted surface has begen calculated in order to
demonstrate the offect of barometric pressure and tempera-—
ture of the air. The offect of cvaporation, when a vola-
tile organic liguid is used to prevent the formation of ice,
is demonstrated by calculations of the minimum amount of
alcohcl required for particular conditions, and comparing
this with tho amount regquired when a nonvolatile liguid, of
otherwise similar properties, is used, The liguid chosen
is ethyl alcohol since there ars conplate data for this in
the International Critical Tables., A c¢alculdtion has been
made glso for methyl alcohol to demonstrate the effeact of
a change in the nature of tho liguid.

These calculations have been made for a scction of a
blade of a propeller., Csaslculations have besn made also for
the carburctor to show the mechanism wheredby ice formg when
the temperature of the ambient air is above freezing and
the quantity of alcchol necessary to prevent fthe ice.

In these calculations the data for the vapor pressure
of alcohol, both pure and in solution with water, have heen
taken from the International Critiecal Tables. The wvalue of
Prandtl s number has been taken as 0.71 and the valuce of
Taylor's number for water vapor has been taken as cqual to
this.

‘Kinetic Temperatures of Propeller Blade in Wet Air

Calculations have been made of the temperatures at a
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point on the surface of a propeller blade, taking the local
velocity as 600 feet per scecond and the flow as laminar.
These have been made for barometric vressures of 760 milli-~
meters and 350 millimeters, and for air tomneratures (static)
of 0° P and 259 F, the air being assumed to be saturated in
sach cagse. The results are given in table I. As an in-
stance of the methoéd, the calculation for a temparature of
009 F and pressure of 760 millimeters may be cited, TFor 6C0O
fect per second, the value of At, for dry asir, irom agua-—
tion (13) is 25.3° F, so that equotion (10) for the condi- -
tion specified is r : '

. ‘ .
00 — ¢, + 25.30 = 2780 (o 1.11)
o o
) 760
By trial it is found that a value of 19.4° F for ﬁs gat—
iesfieg thig equation. Thﬂ gsubstantial decrease in kinetic
temparature with decrease in prassure 1ls of practical sig-—
nificance in th translation of the results of wind-tunnel

tests, on the formatiocn of 4dee, made at ground level, to
) .3 =)

the condition which will occur at high altitude when the
protection from kinetic heating i1s less.

The Plnetic temporature of a metal blade of a propoller
is influenced by the conduction of heat, both along %

blade and throusgh the blade from the pressuwre face to the
camboered face., If thz blade iz hollow, or is of material

of low thermal conductivity, the lowest temperature will bte
at the position wherce the local velocity is greatest.

o1 ¢t of local velocity is shown by cealculations
for a velo ty 1.4 times that of the blade of a propeller
whiech is taken as 800 feet per second; the loeal velocity,
thereforae, is 842 fect per second. The incrn”sn in veloc-
ity choscn is less than occurs on the cambered face when
the propoller is working at high incidence. The static
tompcrature of the undisturbved air is taken as 25° F, the
barometric pressure as 350 millimeters, and the air as bo-
ing saturated with water vapor. At the position when the
velocity reaches 842 feet per second, the pressure, calcu-—
lated by Bernoulli's cquation for compressible flow, is 282
millimeters. The staulc temperature of the air, locally, is
given by equation (15) if it is assunmed that the decreass in
pressure is so rapid that no condensation occurs in the air.
A calculation has been made on this assumption (a), and an
independent calculation has becn made assuming complete coun-—

densation (b).

/
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(a) Assuming no condensation:. The reduction in tenper-—.
ature of the air is 28,79 P so that the static temperature
locally, 'by equation (15), is =3.70 F. The vapor pressure

is  3.43 X %g% = 2.76 millimeters. If it is assumed that

the flow is laminar, At, has a value of 49.6° F and equa-—

tion (10) gives the value of ty as 30.59 F. The effect of

kinetic heating, therefore, is an increase in tomperature, -
locally, of 5.5° F; at the stagnation point in clear air the
increase is 30.00 F, '

(b) Assuming complete condensation: -The reduction ia
temperature of the air is given by equation (18) with the

specific heat of wet ailr CP’ substituted for CP. The
v ,
value of Cb is given by equation (17) with substitution
W . :

from the cquation

8e €y = ©31

iy e i ton i g et o

St bt — t,

in which the subsecript o denotes the initial value, and.
1, bthat after expansion to 282 nillimeters pregssure. The
values of t,; and e, wmust be found by trial to be con-
sistent, approximately, with the value t, calculated fron
equation (15)., The reduction in temperature is found to be
13.6° F, so that tho static temperature of the air locally
is 11.40 F. The value of tg, which can be calculated

either from equation (16) or from eguation (10), is 32.9° i

In the foregoing calculations it 1s assumed that the
surface is wot with water even when the tempcrature is be-
low freezing. The temperature of the surface so caleulated
gives the datum temporature from which either the rate of
heating to vprevont ice, or the rate of iclng, may be calecu-
lated by the methods of referocnce 2. S ‘

Elade Teomperatures with Alcohol-Water Mixturcs

~ Calculations have beasn made for the case in which ico
igs preventecd by supplying ethyl alcohol to the blades of
tho propeller. The calculations have been repcated for a
nonvolatile fluid having the same depressant affect on the
freezing point as ethyl alcohol., The difference in the
quantity of fluid required gives the excoss olcohol which
nust be supplied in order to noutralize the refrigerating
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effact caused by its ovavporation. - A similar calculation
has been made for methyl ailcochol to bhOW how volatile fluidg
of differcnt composition may be comparcd.

-

In thase calculations the eccncentration of alcnhol in
solution in water is such that the freeczing point is de—
pressed exactly to the temperanture assumed by the blade.
This may be termed the correct mixture for the particular
conditiong. A few calculations have been made for a sur-
face wetted by pure alcohol to illustrate the effect of-
maldistribution of fluid in cooling the blade Dby conduc-—
tion of heat from the warmer to .the colder parts. The
calculations were worked with the tenperature in degrees
centigrade because the data in he International Critical
Tables are given in this seale. In many cases the calcu-
lations have besn made in reverse, starting with an assuncd
temperature of o tlade and calculating the temperature
of the air required to produce this. This procedure alliows
a nore direet conmvarison since the offect of evaporation is
determined primarily by the temperature of the surface.

Js

9701—‘-:1-

Calculations have been macde for a speed of 450 fee:l

er second assuning laminar flow, for blade temperatures of
P ! & .
230 B (~50 ¢) and slso 10.69 F (-~12° C), and for barometric

5!
a

350 millinceters., Two cal-
5

pressures of 760 millimeters &nd

culations have been made for a specd of 250 feet per socond.
The results are given in tadle II. Ag an instance of the
method, the calculations for the blade tempsrasturse of 230 F
at 760 millimeters pressure, the first in table II, may be

cited. For this condition, the concentration of alcohol
raquired to depress tho freszing point to 239 ¥, from the
data of the Internaticnal Critical Tables, is 124 granms por
liter of water. The vapor pressurc of alcéohol in equilib-—
rium with this mixture is 0.172 times thne value for pure
alcohol at the same btemperature — namely, 1.44 mililimetors

at 239 F. The vapor pressure of water is O. 90 times the
value for pure water — namely, 3.00 millimete . Substitu-
tion in cguation (11) for a speed of 450 feet p@r second
gives ‘
tl-.23+14.2:5999(1.44_o)+-‘:z-9-9 (3.0 — e, )
760 . 760 W

The offect of evapcraticn is found by calculating the
temperature that the tlade wovld assume in air at 15.20 F
with a nonvolatile fluid, and calculating the concentration

of fluid reguired. The fluid is assumed to zave the same

'Su
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depressant effect on the freezing point as ethyl alcohol.
Substitution in equation (10), since in this case there is
one volatile component, gives

15.2 — t_ + 14.2 = 2229 (0.96 6. - 2.23)
: 8 760 >

The vapor préssure of water in equilibrium with the mixturé
is 0.96 times that of pure water. From this equation, the

value of t, 1is 25.,5%9 P, and the concentration of fluid of

the same molecular weight a2ag ethyl alcohol is 92 grams per.
liter of water. The cxcaess of ethyl alcohol reguirsd to
neutralize the refrigoraiting effect produced by its evap~—
oration, therefore, is

124 ~ 92

_”,-~~~-> 100 = 35 percont
92 /

The calculations show that the offeoct of evaporation
decreases with temporature and increases with altitude..

In the range of temperature in which ice is usually encoun—
tered, 15° to 32° P, the wastage of ethyl alcohol on ac-—
count of its wvolatility is considerable. The nomvolatile
fluid with which tho aleohol is compared is hypothetical,
but the concentrations of an aciual fluid of low volatility
may be calculated from those for the nonvolatile fluid,
which ars presented in table II. A fluld such as ethylans
glycol, for instance, 1s practically nonvolatile, and,
since it does not dissociate in solution, the amount ro-—
quired will be in the ratio of its molecular weight to that
of the nonvolatile fluid which is the same as that of ethyl
alcohol. The concentration of the nonvolatile fluid in
table II, therefore, should be multiplied by 1.35 to I1i
the equivalent concentration of ethylene glycol.

iy

nd

The offect of speed is shown by comparing the concen-—
tration of alcohol reguired at 450 feet poer second, FNo. 2
in the table, with that required at 250 feet per sccond
at the samo temperaturée of the blade, No. 3, and also with
that required at the same temperature of the air, Jo. 4.
The last shows the reguirements at diffsrent ctations along
the blade of a propeller exposed to the same conditions of
icing. A comparison on the basis of the concentration of
alcohol may be migsleading, because it takes no account of
the rate at which water is caught by the blade. The rate
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of catch, roughly, is vproportional to the speed, s0¢ that

nore al coho , actually, is required at the outer station

than at the 1nnnr for the p@rtlcular conditions for which
the caleculstion was nade.

A direct comparison botween methyl and ethyl alcohol
i¢ given by the calculations for an air to mnmrature of
1¢.289 B, ¥Yos. 2 and 9 in the table. The welght of methyl

alcohol, per 1000 grams of watar, is slightly 1033 than
that of ethyl alcohol. In practice the advantage is more
than nullified, probably, by maldistridbution of fluid and
consoquent extra refrigeration of the blade as a whole.
The advantage of methyl alcechol will increase as the tem-—
perature is lowered.and the effect of evaporation beccnes
less pronounced.

So far, no account has been taken of the slecohol which
is lost by evaporat*on. This can be calculated from egua~—
tion (3), but, since the coefficiont of transfa* of heat
must be cevaluated, the rate will be specific to a particu—
lar mogition on the blade and particular velocity., 3y way’
of illustration, the.rate has been enleunlated for o bLlade of

9—inch chord ot the 5~percan*-cborﬂ StdulOﬂ for which rof-
erence 5 gives the wvaluce cof “Ip/R ag 1L.67. For a spaed
of 450 et por second At 350 millimeters pressure, the val-

ue -of kn, therefore, is 0.0016. The rate of evaporation

of ethyl alcohol from a correct alcohol—-water mizxture for a
blade temverature of 23° F, from eguation (3), is 0.53 pound
per hour per square foot of area. The rate for pure ethyl
alcohol, under the same conditions, is 3.13 pounds per hour
per square foot.

The Carburetor

The principal featuré in the icing of carburetors of
modern design is the defect in kinetic heating which ccecurs
when the velocity of the air ig increasocd to above that of
the free stream. This effect has already boen discusss
connection with the temperature of the cambared surfac
the blade of a propeller. Ia the case of the carburetor, it
may be 1llus 1atﬁd by a caleculation of the temperatures of
the surfac 1en the flow of air 1ls throttled.

6]
O

ERR

|-.-

Calculations have been for a temperaturc at the centry
to the carburetor of 389 F and a velocity of 238 feet per
sccond., This tomperature was chosen as beilng near to the
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limit at which ice was observed to form in the tests de-
scribed in reference 7 when no fuel was supplied to the car—
buretor. The velocity bhas been calculated from Bernoulli's
equation as that equivalent to the drop in pressure across
the throttle, given in table II of this reference — nanely,
10.7 inches of mercury. It is assumed that the air at in-
let is saturated, that there is no condensation, and that
the flow is fturbulent. Assuming the velocity at entry %o
be zero, the value of t,, from equation (15), is —34° F,
and the value of 4t,, from equation (14), is 64.89 F.

The air at entry is saturated with water wvapor; sgo, when
throttled, the vapor pressure is '

18:3 x 5.8 = 3.64 millimeters
the barometric pressure at entry belng assumsd to be 29
inches of mercury. If the wall is wetted with water, egua-—
tion (10) gives the temperature at the surface t, as

28.7° F. Actunlly, at the wall thore will be .a gradient

in femperature, s¢ that heat conducted through: the body of
the carburetor will cause the temperaturs to be somewhat
greater than that calculated. If ethyl alcohol is used to
prevent freezing, the temperature at the surface for.a cor-
rect mixture, from equation (11), is 26.89 F, and V2.5 grans
per 1000 grams of water are reguircd to depross the freeg—
ing point to this temperature. ' ' o

At altitude, with the throttle fully open, the zong of
high velocity is in the becost venturi in the Bendix—
Stromberg type of cardburetor. Calculations have been made
for this with air at entry to the carburetor at a temperc-—
ture of 24° F and pressure of 350 millimeters. A velocity
of 600 feoet per second was chosen, which gives a pressure at
the throat of 281 millimeters. The veloecity is higher,
perhaps, than ordinarily would occur. On the assumption
that no condensation occurs, the temperature at the surface
is calculated as 29.7° P, the method of calculation heing
the same as that discussed in the preceding paragravh. On
the assumption that condensation is complete, the tempora--
ture at the surface is 32.9° ¥,

o

These calculations are given by way of 1llustrating the
method. Their primary use, i% appears, is in calculating
the rate of heating required to prevent ice by ths method of
references 1 and 2. The ptoblem in protection by fluids is
to distribute the fluid officiently. In this case, the

/
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method of calculation can be used to find the minimum rate
of supply required, or to compare the merits of fluids of
different conposition, on the assumption of perfect distri-
bution. .
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TABLE I
WAT KINSTIC TEMPARATURZES FOR 600 FEET PER SZCOND, LAMINAR FLOW
Alr temperature, Pressure Surface temperature,| 4% wot
#o by At dry
(oF) (mm) (°F)
0 760 19.4 0.77
0 550 15.8 .62
25 760 40.1 .60
25 250 35.5 .49
TABLE II.~ TEHPEIRATURES AND CONCENTRATION OF ALCOHOL
FOR ALCOHOL-WATZR MIXTURAZS ON PROPELLIR BLADE
Veloc-| Air Pres~ | Surface | Concen- . Excess
“ity |temper-i sure | tempera-~| tration alcohol
ature, ture, t4| of fluid - requiroed
No. 5y (grams/ Remarks
o 1000g
(fps) | (°® (wm) (°r) wat er). (percent)
1 450 15.2 760 23,0 124 |For othyl alcohol 265
450 15,2 760 25,5 92 |For nonvolatile fluid -
5 450 19,2 350 23,0 124 [For othyl alcohol 77
450 19.2 350 26.3 70 [For nonvolatile fluid
5| 250 | 2. 350 23,0 124 |For cthyl alcohol &
250 24,2 350 26.6 75 |For nonvolatile fluid
) | 250 19.2 | 350 18.0 184  |For cthyl alcohol 36
250 15.2 3501 22,1 135 For nonvolatile fluid
5 Ls50 | 15.2 760 14.7 ——= |Pure ethyl alcohol in
Us0. | 19.2 350 11.5 e air s~turated with i
i . water vapor
' ¢ 45D 1.6 760 10.6 270 |For ethyl alcohol 13
450 1.6 760 13.3 1239 |For nonvolatile fluid
450 565 350 10.6 270 |For ethyl alcohol o7
[ 1 w50 5.5 350 15.8 212 |For nonvolatile fluid
p 450 21.9 350 23.0 86 |For methyl alcohol
430 | 21.9 250 29,1 27 |For nonvolatile fluid| 218
450 19,2 350 19.9 113 |For methyl alcohol 17
9 450 19.2 350 26.8 i For nonvolatile fluid g




